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Membrane traffic: Cycling lipids
Harald Stenmark
When synaptic vesicles fuse with the presynaptic
plasma membrane, their membrane constituents are
recycled by internalisation into clathrin-coated vesicles.
To form new synaptic vesicles, the clathrin coat must be
shed and recent studies reveal that a lipid phosphatase,
synaptojanin, plays a central role in this process.
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One of the more fascinating problems in biology is to
understand the nerve signalling that enables us to think
and feel. The transmission of nerve impulses across
synapses is accomplished by the release of signalling mol-
ecules, known as neurotransmitters, at nerve terminals.
Neurotransmitters are stored in synaptic vesicles and, after
the nerve has received the appropriate stimulus, they are
released by a Ca2+-stimulated fusion of the vesicles with
the presynaptic plasma membrane of the nerve cell. The
membrane of a synaptic vesicle is composed of a lipid
bilayer with a variety of proteins incorporated [1]. These
proteins have diverse functions, such as loading the
vesicle with neurotransmitter, targeting the vesicle to
nerve terminals, and facilitating the fusion of the vesicle
with the plasma membrane. The membrane constituents
of synaptic vesicles need to be reused, or ‘recycled’, both
in order to maintain membrane homeostasis and because
the availability of newly synthesised proteins in the nerve
terminal is restricted. Therefore, nerve terminals specialise
not only in synaptic vesicle exocytosis, but also in endocy-
tosis — the internalisation of selected domains of the
plasma membrane. Endocytosis at the nerve terminal is
coupled to exocytosis, so obviously these processes have
to be tightly regulated and coordinated. It has recently
become clear that phosphoinositides, which are phosphoryl-
ated derivatives of the membrane lipid phosphatidyl-
inositol, play a crucial role in this context, and a recent
paper by Cremona et al. [2] highlights their importance.
The fusion of exocytic vesicles with the presynaptic
plasma membrane is preceded by an ATP-dependent
priming step, which requires both phosphoinositide (PI) 4-
kinase and PI 5-kinase activities [3], indicating that phos-
phatidylinositol 4,5-bisphosphate (PIP2) is needed (see
Figure 1). Although the exact function of PIP2 in synaptic
vesicle exocytosis has not been determined, this phospho-
inositide is likely to modify the activity of synaptic vesicle
membrane and/or plasma membrane proteins. One protein
that is a good candidate for modification by PIP2 is synap-
totagmin, an abundant integral membrane protein of
synaptic vesicles. Synaptotagmin has low affinity for PIP2
at low Ca2+ concentrations, but an increased affinity at high
Ca2+ concentrations such as those found in the terminal of
a stimulated nerve cell. This protein is thought to act as a
Ca2+ sensor that triggers exocytosis by interacting with
membranes and with the SNARE complexes that are
involved in membrane fusion. It has been speculated that
the binding of PIP2 may affect the way synaptotagmin reg-
ulates the activity SNARE complexes [3].
Interestingly, synaptotagmin is not only required for
synaptic vesicle exocytosis, but also for the recycling of
synaptic vesicles [4]. Here, its role might be to function as
a scaffold that gathers other proteins derived from synap-
tic vesicles into clathrin-coated pits at the plasma mem-
brane. The recruitment of synaptotagmin itself into
clathrin-coated pits is ensured because it binds to AP-2, a
tetrameric cytosolic complex that binds to clathrin and is
involved in synaptic vesicle recycling [5]. Just like synap-
totagmin, AP-2 binds to PIP2, and this binding probably
stabilises the membrane association of AP-2. Indeed, PIP2
is required at an early step in clathrin-coated vesicle
formation that may coincide with AP-2 recruitment [6,7].
However, PIP2 is also required at a late step in clathrin-
coated vesicle formation, which involves the scission of
the vesicle from the plasma membrane [6]. Here, another
PIP2-binding protein, dynamin, comes into the picture [8].
Dynamin is a GTPase, and its role in vesicle scission was
Figure 1
Phosphoinositides in the nerve terminal. Phosphatidylinositol (PI) is
phosphorylated by a PI 4-kinase to yield PI 4-phosphate (PIP). PIP is
further phosphorylated by a PI 5-kinase to yield PI 4,5-bisphosphate
(PIP2). PIP2 can be dephosphorylated by synaptojanin to yield PIP.
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originally proposed to be as a mechanoenzyme, that is, a
‘pinchase’ that pinches off vesicles from the plasma mem-
brane. Recent data indicate, however, that dynamin, like
most other GTPases, exerts its effect by activating effec-
tor proteins that bind to the GTP-bound form. One
candidate for a dynamin effector is endophilin, a dynamin-
binding protein required for the formation of structures
similar to synaptic vesicles [9]. Endophilin is an enzyme
that transfers arachidonic acid onto lysophosphatidic
acid and thus generates phosphatidic acid. Given that
lysophosphatidic acid is an inverted-cone-shaped mem-
brane lipid and phosphatidic acid is a cone-shaped lipid,
endophilin activity could thereby induce the alteration in
membrane shape required for vesicle scission.
If PIP2 is required for synaptic vesicle exocytosis, for the
recruitment of synaptic vesicle proteins into clathrin
coated pits, and for the pinching off of clathrin-coated
vesicles, would there be a need for turning over this lipid?
The recent study by Cremona et al. [2] reveals that there is
in fact a need for PIP2 turnover. This group have been
studying the function of synaptojanin, a protein that, like
dynamin, binds to endophilin and is abundant in nerve
terminals. Synaptojanin is a PI 5-phosphatase that con-
verts PIP2 into PIP (see Figure 1). In order to determine
the role of synaptojanin, Cremona et al. generated synap-
tojanin ‘knockout’ mice and studied their phenotype. The
synaptojanin-deficient mice looked normal just after birth,
but a short time later, neurological defects became appar-
ent and most of the mice died within 24 hours. These
findings are consistent with a role for synaptojanin in
synaptic transmission, which is considered nonessential in
prenatal life but becomes of vital importance upon birth.
A biochemical analysis of neurons from the knockout mice
revealed an increased level of PIP2 and a decreased level
of PIP compared to neurons from normal mice, as would
be predicted if PI 5-phosphatase activity was abolished.
When the nerve terminals of the knockout mice were
examined by electron microscopy, a striking observation
was made: in contrast to nerve terminals from normal
mice, the synaptojanin-deficient nerve terminals showed
accumulations of clathrin-coated vesicles. Thus, synapto-
janin might have a role in the formation or turnover of
these structures.
In order to study this further, Cremona et al. [2] took
advantage of a cell-free assay that reconstitutes coated
vesicle formation from crude preparations of brain mem-
branes in the presence of cytosol. The vesicles formed in
this assay are not exactly like native clathrin-coated vesi-
cles, but they do have a distinct clathrin coat. Whereas
coated vesicles were relatively rare in the presence of
brain cytosol from normal mice, a large increase in the
number of vesicles was observed in the presence of synap-
tojanin-deficient cytosol. This increase was paralleled by
an increase in clathrin and AP-2 associated with the vesicle
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Figure 2
A phosphoinositide cycle in synaptic vesicle
recycling. The synaptic vesicle (SV) docks to
the plasma membrane, and synthesis of PIP2
via PI 4-kinase and PI 5-kinase is involved in
priming it for fusion to the membrane. A
transient rise in cytosolic Ca2+ concentration
triggers membrane fusion and neurotransmitter
release. Constituents of the SV membrane are
recruited into a clathrin-coated pit via their
association with AP-2. Dependent on the
action of dynamin and endophilin, the clathrin-
coated pit invaginates and pinches off to form
a clathrin-coated vesicle (CCV). Synaptojanin
converts the PIP2 in the CCV membrane into
PIP; this causes the release of AP-2 and
hence the clathrin coat. The uncoated vesicle
is then free to fuse with the endosome. A new
SV is formed upon budding from the
endosome and loading with neurotransmitter.
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fraction, an effect that was abolished in the presence of
recombinant synaptojanin. Taken together, these experi-
ments provide good evidence that synaptojanin may func-
tion in the uncoating of clathrin-coated vesicles. Given
that PIP2 binding is crucial for the recruitment of AP-2
into clathrin-coated pits [7], the most obvious reason for
the coat shedding in the presence of synaptojanin is that
AP-2, and hence clathrin, loosens its grip on the mem-
brane (Figure 2). The role of synaptojanin in clathrin-coat
shedding provides a likely explanation for why synapto-
janin-deficient mice have defects in synaptic transmission.
If uncoating is inhibited, as in the knockout mice, then
the endocytic vesicle cannot fuse with the endosome, and
the synaptic vesicle cycle is blocked.
These data nicely demonstrate the role for a lipid cycle in
the synaptic vesicle cycle (Figure 2), in which the conver-
sion from PI to PIP2 is required for exocytosis and endo-
cytosis, and the conversion from PIP2 to PIP is essential
for clathrin-coat shedding and hence synaptic vesicle re-
cycling. But there are still unresolved questions. First,
what happens with the PIP in the uncoated endocytic
vesicle? The need for a PI 4-kinase in exocytosis suggests
that the potential synaptic vesicle does not contain PIP.
Second, is there a phosphoinositide requirement for the
formation of vesicles derived from the endosome? This is
relevant because this step requires AP-3, a relative of AP-2
that also binds to phosphoinositides [10]. Third, is there a
role for PI 3-kinase products in synaptic vesicle recycling?
Such a role has not yet been demonstrated, but it is note-
worthy that synaptotagmin binds preferentially to PI 3,4,5-
trisphosphate (PIP3) at the low Ca2+ concentration found
in a resting synapse [11], and that PI 3-phosphate is
involved in endocytic membrane fusion in fibroblasts [12].
Furthermore, a lack of synaptojanin in the cytosol leads to
increased PIP3 levels in membranes [2]. Finally, does
synaptojanin have other functions besides vesicle uncoat-
ing? After all, synaptojanin homologues in yeast are
involved both in endocytosis and in actin function [13].
PIP2 is known to regulate actin-dependent processes, and
synaptojanin has been implicated in actin rearrangements
in mammalian cells [14]. In the future, the synaptotagmin
knockout mice will undoubtedly be of great value for
addressing these questions.
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